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ABSTRACT

Co-Optimization of Fuels and Engines (Co-Optima) initiative of the U.S Department of Energy
(DOE) started research on biofuel and biodiesel to replace the gasoline (petrol) and diesel for over
the road internal combustion engines. From an initial list of thousands of fuels, selected bio-fuels
and biodiesels were investigated for further combustion studies following the implementation of
screening, which consisted of biodegrading, toxicity, flash point, research octane number, motor
octane numbers, cetane number, and economic effect, etc. Experimental measurements of laminar
burning velocity (LBV) are key parameters to understand fuel performance and applicability in
engines. Furthermore, knowledge of LBV is required to understand turbulent combustion and
validate the chemical mechanism. This study includes the LBV measurements of seven biofuels
and three biodiesels using a constant volume method. LBVs of different biofuel/Synthetic air
mixtures were measured at 428 K and 1 atm. Ethanol is one of the selected biofuels, which is
a very well-known biofuel. The effect of pressure and temperature on the LBV of ethanol was
studied at different initial pressure (1 atm, 2 atm, and 10 atm) and different initial temperature (300
K, 428 K, and 453 K). Flame instability was observed during a combustion event at high-pressure
experiments using ethanol. To delay the occurrence of a cellular structure during combustion, a
mixture of helium (He) and nitrogen (N2 ) in synthetic air was employed as a diluent. He increases
the Lewis number greater than 1. LBVs of biodiesels were measured at 453 K and 1 atm with
synthetic air. The buffer gas method was applied to measure fuel’s partial pressure because of low
vapor pressure and high boiling point of biodiesels. To check the condensation of biodiesel fuel
in the system, a laser absorption technique was used. Regardless of the fuels tested, the maximum
laminar burning velocity occurred at an equivalence ratio of approximately 1.1. For future work,
the LBV measurement of blended fuel and different initial temperatures and initial pressure is
recommended based on the current study.
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CHAPTER 1: INTRODUCTION

1.1 Motivation

Fossil fuels have been used in transportation industries due to economic factors and the properties
of fossil fuels. The growing environmental issues and energy shortages increase the concern regarding the usage of fossil fuels [1]. These issues led to tremendous pressure on the transportation
industries to reduce greenhouse gas emissions while also reducing the demand to use fossil fuels.
Although novel energy conversion methods are being investigated [2–7] for vehicles, conventional
internal combustion engines had an advantage that it uses alternative fuels to reduce greenhouse
gas emissions. Biofuel and biodiesel, as alternative fuels, have gained attention as a means to
circum- vent the issues of fossil fuels in various transportation sectors. There are two primary
advantages of using biofuels and biodiesels in internal combustion engines. First, biofuels and
petroleum-based transportation fuels are compatible with conventional internal engines without
an engine redesign [8]. Second, because biomass absorbs carbon dioxide through photosynthesis,
biofuels can reduce CO2 emissions. For these two reasons, many researchers, including the U.S
Department of Energy (DOE), have paid attention to biofuel research. The DOE has started biofuel
research, which is Co-Optimization of Fuels and Engines (Co-Optima) [9].
Co-Optima selected promising biofuels and biodiesels with a set of screening criteria to maximized
engine performance and reduced greenhouse gas emissions. Desirable properties of promising biofuels and biodiesels include boiling point, research octane number (RON), motor octane number
(MON), cetane number, feasible means of large scale production, seal compatibility, appropriate viscosity, and other key performance metrics [9]. Biofuels such as ethanol, cyclopentanone,
diisobutylene, 2-methylfuran, methly acetate, prenol, and isoprenol were enlisted for further research. Ethanol is one of the biofuels which belongs to the alcohol family, and nearly all the
1

gasoline in the US contains ethanol. Therefore, combustion characteristics and data measurement
of ethanol at high pressure should be done to improve the engine performance and validate the
chemical mechanisms. For biodiesels, the Co-optima team decided on tier 2 promising biodiesel.
2- nonanol, n-undecane, and n-butylcylohexane, which were part of selected tier 2 biodiesels were
selected to measure Laminar burning velocity (LBV).
LBV is defined as the speed at which a one-dimensional flame front propagates relative to the
unburned mixture. LBV is a critical metric of combustion performance; LBV is a means of measuring combustion efficiency, estimating emissions output, and is used to validate chemical kinetic
packages and subsequent design of combustion engines. It is known that LBV provides the fundamental property of fuels, such as fuel reactivity and diffusivity. LBV is strongly dependent only on
mixture composition, reaction temperature, and reaction pressure under typical conditions. In this
study, different mixture compositions, including fuel type, diluent, and equivalence ratio, different
initial temperature, and different initial pressure were applied.

1.2 Scope of Dissertation Work

Chapter two focuses on the fundamental of Laminar Burning Velocity (LBV), which includes LBV
calculation methods and experimental setup. In LBV calculation methods, the constant pressure
method and constant volume method are discussed. In the experimental setup, the difference in
the experimental setup for biofuel and biodiesel are discussed. Chapter three discusses LBV measurements with seven selected biofuels, which are ethanol, cyclopentanone, 2-methylfuran, methyl
acetate, diisobutylene, and prenols at a variety of equivalence ratio at 428 K of initial temperature and 1 atm of initial pressure. Ethanol LBVs were used to validate LBV data post-processing.
For diisobutylene LBV analysis, different mechanisms were applied to simulate, and sensitivity
analysis was conducted in variety equivalence ratio.
2

Chapter four discusses LBV of ethanol at high-pressure (10 atm) and 373 K and 428 K. In addition, the chapter discussed the methods used to reduce the flame instability, which occurs during
the combustion event. In high-pressure experiments, flame instability is easy to occur. The hydrodynamic instability and diffusional-thermal instability were discussed. To measure LBV, With the
He mixture, flame instability was delayed. The experimental ethanol LBVs were compared with
simulations.
Chapter five discusses LBV measurements of selected three biodiesels, which are 2-nonanol, nundecane, and n-buthylcyclohexane at the variety of equivalence ratios at 453 K of initial temperature and 1 atm of initial pressure. In this chapter, the buffer gas method to measure the partial
pressure of fuels and a laser measurement for examining condensation of fuel are introduced.
Chapter six focuses on a summary of the conclusion of the main findings and recommendations
for future work are provided.
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CHAPTER 2: FUNDAMENTAL OF LAMINAR BURNING VELOCITY

2.1 Theory of Laminar Burning Velocity

A theory of laminar burning velocity (LBV) and experimental setup will be discussed in this chapter. LBV Su , is defined as the velocity of unburned gases normal to the combustion front surface [10–12]. LBV is one of the important fundamental combustion properties to understand combustion characteristics because there is a single value under specified conditions. LBV depends on
the composition (fuel/oxidant), temperature, and pressure. LBV uses to design an internal combustion engine and validate the chemical kinetic mechanism. Egolfopoulos et al. [13] reviewed
challenges with several LBV measurement approaches. Methods of LBV measurement can be
mainly divided into two types with stationary flame and non-stationary flame.
The stationary flame can measure LBV by a vertical flame with constant velocity fuel and oxidant.
The typical example of a stationary flame is the Bunsen burner. In early combustion research, the
Bunsen burner was popular equipment to measure LBV because of its simplicity and well-defined
flame structure. With Bunsen burner, LBV can be calculated with the surface area of the coneshaped flame and flow rate. However, Busen burner has challenges, which are negative stretch on
the main cone-shaped flame surface, the curvature at the tip of the flame, and a non-uniform flame
speed over the flame surface [13, 14].
The non-stationary flame can measure LBV with flame propagation. The most popular method of
the non-stationary flame is using a constant volume chamber with outwardly propagating spherical
flame. A constant pressure method and a constant volume method are commonly applied to LBV
calculation with outwardly spherical flame. In the constant pressure method, the stretched flame
speed can be calculated with the flame radius along with time from flame propagation images.

4

The measured stretched flame speed needs to convert to stretch free flame speed. As the name
implies, the method is used in the early stage of combustion, where the pressure is assumed to be
constant. On the other hand, the constant volume method uses pressure changes during combustion
to calculate the flame radius. The rising pressure data can be calculated in burned mass and flame
radius. Although the two methods utilize in the different stages of the combustion process, the
calculated LBVs between the two methods are similar.

2.1.1 Constant Pressure Method

The constant pressure method will be discussed in this section briefly. The flame radius, along
with time, can be obtained with high-speed camera images, which are captured by shadowgraph
imaging or Schlieren imaging [15]. The differences between shadowgraph imaging and Schlieren
imaging are not discussed in this work. Measured flame radius is used to calculate stretched flame
speed, Sb , which is given by 2.1.

Su =

dR f
dt

(2.1)

, where R f and t flame radius and time, respectively. As shown in figure 2.1, the pressure is quasiconstant in the early stage of the combustion. The temperature is also nearly constant from an
isentropic equation. Because of the pressure trend of the early stage, the flame speed only depends
on stretch [16]. Due to a strain rate and flame curvature of stretched flame, a stretched flame speed
need to convert to a stretch free flame speed.
The stretch rate (κ) is defined by the rate of change of flame area divided by the flame area [11].

5

Figure 2.1: Pressure trace of ethanol combustion. In the early combustion stage, the pressure is
almost constant.

The equation 2.2 shows the stretch rate.

κ=

2 dR f
1 dA f
=
A f dt
R f dt

(2.2)

The stretched free flame speed can be calculated by using various extrapolation methods [13, 17–
24]. Markstein et al. [17] were developed a linear extrapolation and the commonly used to calculate
stretch free flame speed because of simplicity. The Markstein expression is shown in equation 2.3.

Sb = Sbo − Lb κ
6

(2.3)

, where Lb , and Sob are Markstein length and stretch-free flame speed, respectively. Halter et al. [25]
derived equation 2.4 based on nonlinear extrapolation [24]. The continuity equation, equation 2.5,
consists of the density of the burned and unburned mixture, the LBV, and stretch free flame speed.
The LBV can be obtained with stretch free flame speed and density ratio between burned and
unburned density.



Sb
Sbo

2



Sb
ln o
Sb

2
=−

2Lb κ
Sbo

ρu Su = ρb Sbo

(2.4)

(2.5)

Even though the constant pressure method is a simple method for calculating LBV with flame
propagation images, the constant pressure method is sensitive to the rate of the flame radius. Farzan
et al. [26] observed that depending on the flame thickness, the change of light intensity at the
reaction zone may not coincide with the edge of the flame. In the constant pressure method, there
is a possibility of incorrect flame radius measurement and extrapolation to obtain stretched free
flame speed., and the possibility can be a crucial uncertainty source.

2.1.2 Constant Volume Method

In this study, the LBV is calculated by the constant volume method. Unlike the constant pressure
method, pressure changes are necessary for the constant volume method. With the LBV definition
equation 2.6 and isentropic equation 2.7, the LBV (Su ) equation 2.8 can be derived. ρu , A f , mb , ρi ,
ρb , and γu are unburned mixture density, flame area, burned mass, the initial density of the mixture,
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burned gases density, and unburned heat capacity ratio, respectively.

ρ u Su =

ρi
=
ρb

R3
Su = O2
3R f

1 dmb
A f dt

(2.6)

 1
Pi γu
P

(2.7)

 1
Pi γu dX
P
dt

(2.8)

, where RO , R f , Pi , P, X are the radius of the combustion chamber, flame radius, initial pressure,
pressure from the sensor during combustion, burned mass fraction, respectively. There are two
unknowns, R f and X, in equation 2.8. R f , equation 2.12 can be derived from mass conservation,
equation 2.9. The subscript o, u, b are total, unburned, burned, respectively. After combining
equation 2.8 and equation 2.12, equation 2.13 can be obtained.

mu =

mo = mu + mb

(2.9)

mu = (1 − X)mo

(2.10)

4π(R3o − R3f )ρu
3
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4πR3o ρo
= (1 − X)
3

(2.11)


R f = RO 1 − (1 − X)

PO
P

 1 ! 13
γu

"
 1/γu #−2/3  1/γu
r
Pi
Pi
dX
1 − (1 − X)
Su =
3
P
P
dt

(2.12)

(2.13)

It is easily predicted from equation 2.13 that the constant volume method can calculate a range
of LBV data from one experiment, unlike the constant pressure method, where one data can be
obtained from one experiment. However, solving mass fraction X is required to solve the equation
2.13 with time. Several studies [14, 17, 27–29] propose to solve equation 2.13. In the next section,
only two models, a linear model and a multizone model will be presented.

2.1.2.1 Models for mass fraction calculation

There are several ways to calculate burned mass fraction, X, but the simplest model is the linear
model. Lewis and Von Elbe [27] proposed the burned mass fraction is linearly proportional to the
pressure changes during the combustion with two assumptions of constant unburned gas temperature and constant equilibrium temperature for the burned gases. The two assumptions are good to
simplify the problem, but they are not reasonable for the combustion process in the constant volume chamber. With a linear model, the burned mass fraction can be calculated by equation 2.14,
which consists of instantaneous pressure (P) during combustion, estimated peak pressure (Pe ), and
initial pressure (Pi ). The estimated peak pressure can be obtained by using chemical equilibrium
calculation or experimental data. Because of rough assumption for the linear model, obtained LBV
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from the linear model overestimate than the other model, the multizone model.

X=

P − Pi
Pe − Pi

(2.14)

The multizone model was proposed by Almansour et al. [30] based on Elia et al. [29] model. The
multizone model has some assumptions: each zone is identical pressure and different temperatures.
The unburned mixture is treated in a single zone at a changing temperature with time. There are
limitations to this model. First, there is a small thickness of the unburned mixture, which does not
burn at the end of the combustion process. Second, Although there is a sudden temperature jump
from burned to unburned gas, mass and thermal diffusion have been neglected in the multizone
model at each zone. With those assumptions, the continuity equation and energy equation can be
written as:

!
n−1
n−1
V
= xνb + 1 − ∑ xi − x νu − ∑ xi νi
M
i=1
i=1

(2.15)

!

n−1

n−1
V
= xeb + 1 − ∑ xi − x eu − ∑ xi ei
E
i=1
i=1

(2.16)

n

X = ∑ xi

(2.17)

i=1

, where V, M, x, /nub , E, ande are total mixture volume, total mixture mass, mass fraction, specific
volume of burned gases, total energy, and specific energy, respectively, x, e, and νb are unknowns
in these equations, but and e and νb are a function of temperature (Tb ). To solve these equations,
the Newton-Raphson method was applied. The detailed process is briefly discussed in Appendix
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Figure 2.2: The example of LBV calculation

A. Cantera software [31] was used to calculate the properties of the burned and unburned mixture.
After getting the accumulating mass fraction, the LBV is plotted against the unburned temperature.
Figure 2.2 shows one of the examples of the LBV calculation plot. To calculate LBV at initial
temperature and pressure, a linear regression was applied in a stretched free region. However, the
data points on the linear region are useful data points for validating chemical kinetic mechanisms.
For the optimal number of zones, Almansour [14] suggested from 90 to 150 zones, which is bigger
than flame thickness. LBV increases linearly with unburned gas temperature until discontinuity
occurs due to flame instability. During flame instability, flame speed is increased because of the
flame surface area increases. Chapter 5 will be discussed in flame instability with the high pressure
of ethanol.
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2.2 Experimental setups

The experimental setup consists of two sections. The first section will be discussed in the LBV
measurement experimental setup with regular fuels, which mean gaseous fuels and high vapor
pressure fuel. With this setup, LBV of biofuels and high-pressure ethanol were measured. The
second section will be explained, which is the improved experimental setup, including the laser
facility. The laser setup is applied to check the condensation of low vapor pressure fuels. Biodiesels
were used to measure LBV with the improved setup.

2.2.1 Experimental setup

Figure 2.3 shows the experimental setup of LBV measurements. There are four subsystems in
the diagram: (i) mixture prep systems, which consists of the reactant tanks, mixing tanks, liquid
fuel injection, capacitance manometers, and vacuum pump; (ii) combustion reaction environment,
consisting of the temperature-controlled combustion chamber; (iii) optical and dynamic pressure
instrumentation; and (iv) electrical systems, which include a high voltage ignition circuit, highspeed DAQ, and trigger system for easy data acquisition.
Two capacitance manometers are utilized on the manifold within the mixture preparation system, which connects the mixing tank, injection port, the reactant tanks, and vacuum pump to the
combustion chamber. This pair of manometers enable accuracy at both the high range (MKS 628F
Baratron, 0.2 – 20,000 torr) and low range (MKS E27 Baratron, 0.001 – 100 torr) pressures. Within
use, the high range manometer yields information pertaining to initial conditions of combustion,
and the other enables quantification of vacuum pressure and partial pressures of vaporized liquid
fuels.
Combustion within this setup occurs within a spherical combustion chamber, which has built in
12

Figure 2.3: Experimental setup for LBV measurement.

sapphire windows. The combustion chamber is designed to withstand up to 140 atm with a nominal
inner diameter of 165mm and is typically used as a platform to test constant volume combustion.
A modified furnace (XBS-12-12-18-1C Thermcraft) is utilized to enable uniform initial combustion chamber temperature. The initial temperature is recorded by two K-type thermocouples on
the exterior combustion chamber, where losses due to conduction are neglected as the negligible
thickness of the spherical enclosure.
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A dynamic pressure transducer (Kistler 603B1) with a charge amplifier (Kistler 5010B1) enables
the acquisition of a pressure trace during combustion events. The flame propagation image is captured via a Schlieren image setup using a Light Emitting Diode (LED) source with peak intensity at
635 nm and FWHM of 10nm. The source is coupled with four lenses for collimation and focusing
and a high-speed camera (Phantom v12.1) with a resolution of 512 X 512 pixels at 20,000 fps. (50
µs between frames).
Electronics for the experiment is divided into two parts. A computer hooked up to a DAQ (PCI6259, National Instruments) is used as a timing controller. Triggers from the DAQ enables the
synced recording from the high-speed camera and dynamic pressure transducers with the ignition.
The ignition system consists of a high voltage ignition circuit with a modified NGK-BR4HS spark
plug with long probes attached to ensure combustion in the middle of the spherical vessel. For
efficient and consistent ignition, a high voltage capacitive discharge ignition (CDI) was used, which
included a Solid State Rectifier to deliver a high voltage high current pulse. Placement of the
ignition kernel was ensured via a ceramic sheath over one of the electrodes. With this experimental
setup, liquid fuel condensation can be checked by comparing vaporized fuel and injected mass of
fuel. With this method, it is hard to check liquid fuel condensation, which is low vapor pressure,
such as a high hydrocarbons fuel.

2.2.2 Improved experimental setup with laser

Figure 2.4 shows the experimental setup of LBV measurements for biodiesel measurements. There
are five subsystems in the diagram: (i) mixture prep systems, which consists of the reactant tanks,
mixing tanks, liquid fuel injection, capacitance manometers, and vacuum pump; (ii) combustion
reaction environment, consisting of the temperature-controlled combustion chamber; (iii) optical
and dynamic pressure instrumentation; (iv) electrical systems, which include a high voltage igni-
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Figure 2.4: Experimental setup for LBV measurement with laser setup.

tion circuit, high-speed DAQ, and trigger system for easy data acquisition; (v) laser setup, which
can measure fuel concentration.
The mixture preparation system, combustion reaction environment, optical and dynamic pressure
instrumentation, and electrical systems are the same as the previous section. Only the laser setup
was added to the previous experimental setup. A pair of sapphire windows, 12.7 mm of thickness,
were mounted on the combustion chamber, and a pair of fused silica windows, 3mm of thickness
was applied on the furnace to allow for line of sight measurement of fuel absorbance using a
3.39 µm laser (REO-32172). Because C-H stretching bands from aliphatic compounds occur in
15

the range 3.3 µm

3.5 µm [32], the 3.39 µm laser was selected to measure the hydrocarbon

fuel absorbance. To verify the wavenumber of the laser, a wavelength meter (Bristol 771 Spectrum
Analyzer) was used. The laser beam was split into a reference beam and a signal beam by the beam
splitter. The intensity of the reference beam (IO ) was measured by Indium Arsenide Antimonide
(InAsSb) detector (Thorlabs-PDA07P2), and the intensity of the transmitted beam was measured
by a photovoltaic detector (Vigo PVI-2TE-3.4). Because of static measurement, beam steering and
the etalon effect did not consider.
The measured absorbance of the 3.39 µm is related to the absorbance of fuel by Beer-Lambert law.
The Beer-Lamber law is shown in equation 2.18



I
αλ = − ln
IO


= σ (λ , T, P)

Ptot
XL
RT

(2.18)

αλ is the absorbance, I is the intensity of the transmitted beam, IO is the reference beam intensity, σ
is the absorption cross section (cm2 /mol), Ptot is the total pressure (atm), T is the temperature (K),
R is the ideal gas constant (cm3 atm/mol K), X is the mole fraction of the absorbing species, and
L is the optical path length (cm). With measured absorbance, fuel concentration was evaluated in
the system. The fuel concentration can be examined with the fuel absorbance against the injected
fuel mass.
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CHAPTER 3: LAMINAR BURNING VELOCITY OF BIOFUELS

3.1 Introduction

In recent years, there has been an increased pressure on the transportation industry to curb CO
and CO2 output on a per unit travel basis while also reducing the need to utilize conventional
oil sources. While novel energy conversion methods are being investigated [5–7] for vehicles,
conventional internal combustion engines can benefit from exploring novel fuels as another means
of curbing emissions. One of novel fuels is biofuel. To still afford the utility and advantages of
biofuel blends in transportation, there is a need to search for other biologically derived fuels that
could potentially circumvent these issues mentioned above. To discover environmentally friendly
and economically feasible components to blend with gasoline, the U.S. Department of Energy has
started the Co-Optimization of Fuels and Engines Initiative (Co-Optima) [9]. Several biologically
derived hydrocarbons have been assessed based on their fundamental properties such as boiling
point, solubility, research and motor octane number (RON and MON, respectively), health hazard,
and other pertinent properties [33]; from this complex test matrix, a shortlist of biofuels were
selected for further study. With the strict criteria, seven biofuels, which are ethanol, methyl acetate,
2-methylfuran, cyclopentanone, diisobutylene, and prenols were selected . In the next section, each
selected biofuels were introduced.
One of the means of evaluating these promising new biofuels is to determine their combustion
characteristics. One key combustion metric is the fuel’s laminar burning velocity (LBV) in the
air over a range of equivalence ratios. LBV is dependent on reactive mixture composition, temperature, and pressure but independent of hydrodynamic conditions, such as stretch rate, turbulent
intensity, and Reynolds number [34]. LBV is useful as it: (i) gives a measure of combustion efficiency and heat release rate; (ii) enables validation of chemical kinetic mechanisms; (iii) and gives
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engine design engineers a metric for the expected time required to burn the fuel charge within a
cylinder. Furthermore, to quantify more complicated and practical burning regimes such as turbulent combustion, much of the underlying theory requires knowledge of LBV. In this study, LBV
measurements of selected seven biofuels were carried out in mixtures of synthetic air at an initial temperature 428K and initial pressure 1 atm. LBV of ethanol was also measured using the
same process to enable valid cross-comparisons with the results of several experimental studies
and numerical simulations [35–38].

3.1.1 Ethanol (C2 H5 OH)

Ethanol is an attractive renewable fuel for improving internal combustion (IC) engine performance
as its high H to C ratio reduces anthropomorphic emissions, as an octane booster by either Research
Octane Number (RON, 109) and Motor Octane Number (MON, 90). Ethanol has been the most
commonly implemented biofuel to date and is the most well-known oxygenated biofuel, having
already gained broad commercial implementation. Within the United States, ethanol is blended
with gasoline (at the time of this writing) in concentrations of up to 10 vol% (E10) and is also
available for purchase in concentrations as much as 85 vol% ethanol (gasohol, E85) for vehicles
which are advertised as having “Flex Fuel” engines. Commercial ethanol production may begin
using a variety of feedstocks, including corn, switchgrass, and wood biomass [39], and has many
advantages over conventional gasoline [40].
While ethanol is ubiquitous as a biofuel in gasoline, there are complications with its implementation. There is a significant drop in the energy density of fuel at high ethanol concentrations
compared to conventional gasoline [41]. From the perspective of fuel stability, ethanol also has
drawbacks, as ethanol is highly hydroscopic compared to other hydrocarbons within gasoline [42],
which can lead to problems with the seals and pumps used in fuel systems both within the vehi-
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cle and at fueling stations; these problems become even more complicated when dissolved water
freezes within gasoline. Additionally, ethanol as a fuel blend has been shown to increase the production of NOx , compared to pure gasoline [43]. Many volumes of scientific publications are
based on ethanol as a fuel [35, 38, 44–47], including the characterization of laminar burning velocity (LBV) at standard conditions [35].

3.1.2 Methyl acetate (C3 H6 O2 ), 2-methylfuran (C5 H6 O)

Methyl acetate is traditionally used in applications outside of transportation fuels such as resins,
plasticizers, and other various biological applications [48]. A conventional means of methyl acetate
synthesis occurs through the esterification of acetic acid with methanol or the reverse reaction of
hydrolysis of itself [49]. To date, there are limited chemical kinetics models available publicly for
the modeling of methyl acetate combustion [50, 51].
Similarly, 2-methylfuran, applications are limited as a fuel because its pertinent properties are not
fully characterized. 2-methylfuran is produced by a process vapor-phase hydrogenation of furfural
[52]. 2-methlyfuran provides numerous advantages such as higher energy density (29MJ/L) than
ethanol (27MJ/L), and it can be produced from biomass inedible from humans [53–55]. There
are literature studies for LBV of 2-methylfuran [56, 57]. Ma et al. [56] measured LBV of 2methylfuran and blended with isooctane and 2-methylfuran. Xu et al. [57] measured LBV of
2-methylfuran at elevated pressure and temperature. However, previous research was conducted at
initial temperatures below 428K (which is the present initial condition).
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3.1.3 Cyclopentanone (C5 H8 O)

Ketones family from lignocellulosic biomass reforming by fungi and other methods [58, 59] is
potential biofuels. Gaspar et al. [60] evaluated the performance of blendstocks with the boosted
spark ignition merit function. Cyclopentanone was one of the selected fuel which belongs to the
ketone family. It possessed cyclic and carbonyl molecular structure and was selected by the CoOptima research team. Cyclopentanone is very effective in spark-ignition internal combustion
because it improves auto-ignition resistance [61], and it has a high laminar burning velocity [62].
Several studies on cyclopentanone oxidation have been published [62–68]. Bao et al. measured
LBV of cyclopentanone in a constant-volume vessel at equivalence ratio (φ ) from 0.8 to 1.6, 0.1
Mpa, and different initial temperatures (423, 448, and 473 K). Bao et al. found that the maximum
cyclopentanone LBV is at around φ = 1.2 and similar to that of ethanol in lean conditions.

3.1.4 Diisobutylene (C8 H16 )

Diisobutylene is comprised of 3 parts 2,4,4-trimethyl-1-pentene (DIB1) and 1 part 2,4,4-trimethyl2-pentene (DIB2), and is preferred to represent the olefin category because its branched structure is
more representative of the branched olefins typically found in gasoline and it has a similar carbon
length to isooctane. However, since DIB is primarily DIB1, this is often times the only species
considered in reduced surrogate mechanisms to represent the olefin class [69, 70].
The literature on neat DIB kinetics is rather scarce though several studies exist for lower alkenes
(e.g., ethylene, propene, butene, etc.) [71–75]. Zheng et al. [72] measured the laminar burning
velocity of DIB1 with the constant pressure method at 400 K and 450 K. The constant pressure
method needs extrapolation to calculate unstretched laminar burning velocity The authors observed
that the nonlinear method performed better than the linear method to calculate laminar burning
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velocity.

3.1.5 Prenols (C5 H10 O)

Prenol is unsaturated alcohol that displays promise as a next-generation biofuel or additive. Prenol
has a significantly higher heating value than ethanol, 29.6 MJ/L, which is only 7% lower than
that of gasoline. Furthermore, unlike other fuels with a linear/nonlinear blending behavior of octane rating, prenol boosts RON above that of the base fuels [76]. This is an attractive feature
for turbocharged spark ignition engines that require high RON in order to prevent autoignition
and maintain high thermal efficiency. Furthermore, both prenol and isoprenol are stable at STP
conditions, and they have a higher lower flammability limit (LFL), higher flash point, and higher
autoignition temperature than gasoline, which makes them easy to store and transport. For these
reasons, prenol is a considered candidate fuel under the Department of Energy’s Co-Optimization
of Fuels and Engines (Co-Optima) initiative [9] that aims to optimize new fuels and engine designs simultaneously. However, despite its promise as a next-generation fuel, there is a scarcity of
literature on both prenol and isoprenol.
Zheng et al. [77] and George et al. [78] have recently discovered metabolic pathways for the highspecificity production of prenol and isoprenol from Escherichia coli. However, additional synthesis
routes will be necessary for the long-term use of these prenols. Monroe et al. [76] found that prenol
can induce octane hyper boosting when added to a gasoline blend in which the RON of the blend is
above the neat RON value of the base fuels and prenol. This is distinct from typical blending rules
that exhibit a linear relationship for RON based on the constituents’ mole fractions, which limits
the RON between that of the neat fuels. This novel octane hyper boosting was observed in five
different gasoline blendstocks with varying volume fractions of prenol, with the effect first being
observed with the addition of just 10% of prenol [76] into a gasoline surrogate and the author’s
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blendstock #2. Prenol’s isomer, isoprenol, was also investigated for the same property and did
not exhibit the same behavior as its counterpart. De Bruycker et al. [79] studied the oxidation
(φ = 0.5, 1.0) and pyrolysis of prenol and isoprenol in a jet stirred reactor from 500-1100 K at
0.107 MPa. The authors found that more than 99% of isoprenol consumption proceeds through a
unimolecular reaction yielding formaldehyde and isobutene. Prenol, on the other hand, was found
to be dominated by radical chemistry. The presence of a hydroxyl functional group in prenol
near the C=C bond enables low-temperature chemistry, yielding aldehydes, and ketones [79]. The
authors used the experimental data to validate a chemical kinetic mechanism for both fuel isomers.
In general, the mechanism predictions agreed well with obtained data over the conditions studied.
However, discrepancies were observed for several species during isoprenol decomposition, which
the authors attributed to the isobutene submechanisms, given the high sensitivity towards isobutene.
To the author’s knowledge, no other studies in the literature are available on the combustion of these
two fuels. Figure 3.1 represents a shorthand formula for selected biofuels.

3.2 Experimental details

Synthetic air was used as an oxidant in this study. It was prepared in the manifold mounted on mixing tank using high purity O2 (Praxair, 99.999%) and N2 (Air Liquid). The high range manometer
was used to make the blend of 21.0

mol %

O2 and 79.0

mol %

N2 . The prepared synthetic air was

held in the mixing tank for a minimum of two hours prior to conducting combustion experiments
to ensure homogeneity. Table 3.1 presents details of fuel properties, including density (ρ), molecular weight (Mw), the boiling temperature at ambient pressure (Tboil ), the vapor pressure at 293 K
(Pvapor ), lower heating value (LHV), and other key details.
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Figure 3.1: Shorthand formula of the selected biofuels.

3.2.1 Experimental procedure

The filling of the combustion chamber between each experiment was done in a meticulous manner to ensure reputability. Before each experiment, the manifold, mixing tank, and combustion
chamber was left open and held under vacuum. Simultaneously, the furnace would be used to heat
the combustion chamber and ensure a uniform temperature. Before the synthetic air mixture was
prepared, the mixing tank was vacuumed while simultaneously held for several hours with a maximum pressure of 0.15 Torr recorded. While the heated, liquid fuel would be injected into a segment
of the manifold open only to the manometers and the combustion chamber, and the pressure would
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Table 3.1: Physical and chemical properties of fuels
Ethanol
Forumla
ρ, [g/mL]
Mw, [g/mol]
Tboil , [K]
Pvapor , [mmHg]
Flash Point, [K]
Purity, [%]
RON
MON
LHV, [MJ/kg]

C2 H5 OH
0.79
46.07
351
44
286
≥ 99.5
109
90
27.73

Methyl acetate
Diisobutylene
CH3 COOCH3
C8 H16
0.93
0.72
74.08
112.2
320
304
173
83
263
268
≥ 99
≥ 99
120.3
106
120.3
87
20.23
44.27

2-methylfuran
Prenol
C5 H6 O
C5 H10 O
0.93
0.85
82.10
86.13
338
413
176
1.43
251
316
≥ 99
≥ 99
103
93.5
86.1
74
31.82
34.04

Cyclopentanone
Isoprenol
C5 H8 O
iC5 H10 O
82.10
0.85
84.12
86.13
404
405
11.4
29.95
303
309
≥ 99
≥ 97
101
97.2
89
31.99
-

be recorded.
To avoid condensation of fuels, the furnace was used to hold the combustion chamber’s exterior
temperature to 428 K, which is well above the boiling points of the tested fuels. Following fuel
injection, the synthetic air would be introduced until the pressure within the combustion chamber
was at the desired level. The equivalence ratio (φ ) for each test was calculated according to the
partial pressures of fuel and air. Quantification of fuel introduced was characterized by the pressure
recorded at the low-range manometer The mass of injected fuel was also measured by quantifying
the difference between syringe mass before and after injection. Figure 3.2 shows the vaporized
pressure of ethanol, DIB, and prenols as a function of injected mass. From the figure, it can be
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Figure 3.2: Pressure of vaporized ethanol as a function of the mass of injected Biofuels.

seen that there is a linear change in pressure. The prenols profile is scattered than ethanol and DIB,
but they maintain a linear relationship between vapored fuel and injected mass fuel.
Following the injection of fuel, synthetic air was then introduced to the combustion chamber. With
this process, mixing occurred by the jet, which forms inside the combustion chamber when the
air is introduced. Fuel-synthetic air mixtures were kept for five minutes to ensure quiescent and
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homogeneous mixture before the ignition process. To ensure the validity of testing conditions,
three experiments were carried out for each target (φ ). The dynamic pressure transducer and
charge amplifier were used to record the combustion pressure at a rate of 100 kHz. Table 3.2
shows the test conditions. For the tests, the initial pressure was held at 1 atm, and the range of
equivalence ratios was from 0.7 to 1.5. The limits of the equivalence ratio were dependent on
ignition spark energy. Following each experiment, a data processing step is utilized to compute
the observed laminar flame speed, which requires the use of both pressure measurement data and
images captured with the high-speed camera.
Table 3.2: Experimental conditions
Ethanol

Pinitial [atm]
Tinitial [K]
Oxidant
φ

Methyl acetate 2-Methylfuran Cyclopentanone
Diisobutylene
Prenol
Isoprenol
1.0 ± 0.02
428 ± 4
21.0mol % O2 , 79.0mol % N2
0.7 - 1.5
0.8 - 1.5
0.8 - 1.5
0.7 - 1.5
0.9 - 1.5
0.75 - 1.5
0.75 - 1.5

3.2.2 Uncertainty analysis

The combined standard uncertainty in measured LBVs can be calculated by equation (3.1) [80],

s
uc (Su ) =

N



∑

n=1

df
dxi

2
u2 (xi )

where uc (Su ) is the combined standard uncertainty of LBV,

df
dxi

(3.1)

is called the sensitivity coefficient,

df
and xi (P,T,φ ,Model) is quantity. In this study, the sensitivity of coefficient ( dx
) is considered as
i

a unity. Accuracy of a dynamic pressure transducer (Kistler 603B1) and charge amplifier (Kistler
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5010B1) are ± 1.00 % and ± 0.50 %, respectively. The random error in filling to target pressure
is less than 0.55 %. There are two K-type thermocouples, which have ± 0.75 % accuracy in
measuring the exterior combustion chamber. The discrepancy from the target temperature is less
than ± 0.5 %. To estimate φ , MKS 628F Baratron is used, which has ± 0.02 % of reading. For
the accuracy of the model, two factors were considered; the number of layers and fitting range
of calculation LBV. The standard for the number of layers is 100 layers. The discrepancies of
the number of layers are calculated by ± 30 layers difference. The maximum discrepancy of the
number of layers factor is less than ± 0.60 %. The fitting range is an unburned temperature range,
which is the x-axis of LBV calculation. The fitting range was considered 4 K wide and 4 K narrow
(the maximum difference is less than ± 1.00 %). In summary, the combined standard uncertainty
of the present ethanol LBV was 2.07 %, according to equation (3.1).

3.2.3 Model

LBV was measured using a constant volume method with multizone chemical and thermodynamic
considerations. While a detailed explanation is presented in the previous chapter, a brief explanation is provided in this work.
The multizone model can be explained by two regions, which are burned and unburned zones.
Equilibrium calculation of thermodynamic properties was performed for each burned zone at each
time step utilizing the measured time data of pressure. Cantera software [31] with thermodynamic
mechanisms (or chemical kinetic mechanisms) of each fuel was used to calculate the burned gas
properties. After obtaining the properties of burned gases, the mass fraction can be calculated.
Equation (3.2) presents the flame radius, which was derived by O’Donovan et al. [81]. To derive
equation (3.2) several assumptions are needed; (i) the flame is smooth, thin, spherical shape, (ii)
all gases may be considered ideal, and (iii) buoyancy is negligible during the combustion process.
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The theoretical expression of LBV equation (3.3) was defined by Hill et al. [82] and Takizawa
et al. [83] using the constant volume method with flame radius (R f ), vessel radius (Ro ), burned
mass fraction rate ( dX
dt ), initial pressure (Pi ), and instantaneous pressure P during a combustion
event. Since several studies have shown that the stretch effect is negligible in the constant volume
method, it is not considered in this study [84, 85].

R f = RO

  1 ! 13
Pi γ
1 − (1 − X)
P

(3.2)

 1
Pi γ dX
P
dt

(3.3)

R3
Su = O2
3R f

3.3 Results and discussion

Flame propagation images were recorded with a high-speed camera through a viewing window.
Such in-situ recordings can be seen in figure (3.3), which presents flames under the maximum and
the minimum LBV conditions, which are φ of 1.1 and 1.5, respectively. Within this figure, the
leftmost image is fixed at 2 ms, while the center and right columns have times later during the
combustion process when the flame boundary occupies half the radius of the available viewing
area (center) and the majority of the viewing area (right).
Regardless of mixture composition (both fuel and φ ), it can be seen that during the initial stages
of combustion at 2 ms, there is not much differentiation between each test. Such behavior is
indicative of similar spark energy dominating any variations which exist in the chemical kinetics
for each mixture. As the LBV values of ethanol and 2-methlyfuran, the qualitative LBV trends
were similar as well. Of the tested fuels, LBV of methyl acetate was the lowest. This can be
seen from the flame of methyl acetate requiring the longest time to reach the boundary of the
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viewing region, as shown in figure (3.3), which is consistent with the LBV measurement. For
the equivalence ratio of 1.1, the flames maintained their laminar spherical shape while they are
observable through the window. However, wrinkled structures were observed on the flames of
ethanol and methyl acetate at the equivalence ratio of 1.5.

3.3.1 LBV of ethanol

Figure 3.4 shows the LBV of ethanol at 1 atm and 428 K for 0.7 ≤ φ ≤ 1.5. To calculate ethanol
LBV a thermodynamic mechanism by Mittal et al. [38] was applied. The error bar represents
uncertainty at each point. The maximum LBV is 0.82 m/s at φ of 1.1. It is important to note that
the expected maximum LBV likely exists at a φ not tested within this study between 1.05 and 1.15.
The measured data were compared with the results from Egolfopoulos et al. [35], in which they
measured LBV using a counterflow burner. The measurements are in good agreement as shown in
figure 3.4.

3.3.2 LBV of methyl acetate/2-methylfuran

Figure 3.5 shows LBVs of methyl acetate and 2-methylfuran. To calculate thermodynamics properties of methyl acetate during a combustion event, a combustion mechanism of Olivier et al. [50]
was utilized, while for 2-methylfuran, a mechanism by Kieran et al. [86] was used. It was found
that the LBV of 2-methylfuran is higher than the LBV of methyl acetate. For both biofuels, the
range of equivalence ratio was from 0.8 to 1.5. The maximum and the minimum LBV values of
both LBVs are located at an equivalence ratio of 1.1 and 1.5. In terms of LBV, ethanol and 2methylfuran show similar characteristics. The LBV value of methyl acetate was about 75% of the
value of ethanol at an equivalence ratio of 1.1.
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Figure 3.3: Flame propagation of selected fuels at φ = 1.1 and φ = 1.5.
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Figure 3.4: Comparison between measured data and Egolfopoulos et al.

3.3.3 LBV of cyclopentanone

The present experiments were conducted at initial pressure 1 atm, and initial temperate of 428 K.
Figure 3.6 shows LBVs of cyclopentanone and previous findings [62]. LBV was calculated by
using the constant volume method with the multizone thermodynamic model. To calculate the
burned gases properties, Cantera software with the mechanism of Zhang et al. [13] was used. The
maximum and the minimum LBV values of both LBVs are located at an equivalence ratio of 1.1
and 1.5. Since the initial temperature, 428 K, of this work is higher than Bao. et al. condition, 423
K, measured LBV is slightly higher than previous findings. The big difference between this work
and Bao. [62] the result is the location of the maximum LBV. A recent publication [87] found that
Bao. et al. data does not agree with the simulation result.
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Figure 3.5: Laminar burning velocities of methyl acetate and 2-methylfuran as a function of equivalence ratio (φ )

3.3.4 LBV of diisobutylene

Figure 3.7 shows the DIB1 flame propagation image for an equivalence ratio of 1.1, which shows
the highest LBV as captured with the high-speed camera. Within this figure, the left image, center
image, and right image represent a temporal variation of flame at 2 ms, 4 ms, and 6 ms, respectively.
The flame shape maintains its smooth and spherical shape as a laminar flame until it is no longer
within the experimental viewing window on the combustion chamber.
Figure 3.8 presents LBV of DIB1 at 1 atm and 428 K in different equivalence ratios. The maximum
LBV of DIB, 0.70 m/s, occurred at an equivalence ratio of 1.08. The present LBV of DIB1 was
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Figure 3.6: Laminar burning velocities of cyclopentanone as a function of equivalence ratio (φ )

Figure 3.7: Flame propagation of DIB1, equivalence ratio of 1.1, T=428 K, P=1 atm

33

compared with Zheng. et al. [72], which was conducted at an initial temperature and pressure
of 450 K and 1 atm, respectively. Since higher unburned temperature results in higher adiabatic
temperature, higher unburned temperature results in higher LBV [11]. Even though the initial
temperatures were different, the present study and the previous findings were in good agreement,
notably up to an equivalence ratio of 1.3. The present work was also compared with flame speed
calculations of ethanol under the same initial conditions since ethanol is one of the standards of
biofuels. DIB1 LBV is slower than ethanol LBV in the whole equivalence ratio range. For the
simulations, the Metcalfe. et al. metcalfe2007development, Hu. et al. [71], and Li et al. [88]
mechanisms were applied to Chemkin-PRO 27. In the rich region, the present work was in the best
agreement with the Hu. et al. mechanism, whereas in the lean region, present data was in the best
agreement with the Metcalfe. et al. mechanism. Li et al. mechanism is a better agreement in the
lean region than Hu et al. mechanism.
A sensitivity analysis was conducted to deepen the understanding of the flame speed reactions
during DIB1 combustion at 1 atm and 428 K with Hu. et al.. mechanism [71]. Equation (3.4)
was used to calculate the normalized sensitivities (Si ) of the laminar burning velocity (Su ) for
the reaction rate constants (ki ) [31]. Figure 3.9 3.9a, 3.9b, 3.9c show the top 15 highest flame
speed sensitivity coefficients at equivalence ratios of 0.8, 1.1, and 1.5. Figure 3.9 3.9d shows a
comparison of the top 15 sensitivity coefficients for an equivalence ratio of 1.0 with equivalence
ratios of 0.8, 1.1, and 1.5. Figure 3.9 indicates that the reaction of H + O2 → O + OH is the
highest positive sensitivity in all equivalence ratios. The second highest sensitive reaction is CO
+ OH → CO2 + H for all equivalence ratios, excluding 1.5. The second highest sensitivity, at
an equivalence ratio of 1.5, is HCO + M → CO + H + M. Products of DIB 1 can explain the
reason. The production of CO2 decreases because of the competition for oxygen molecules with the
equivalence ratio increasing. Isobutylene (iC4 H8 ) formation is present in all cases with a negative
sensitivity coefficient. There is no reverse of the sensitivity coefficient, but the values of sensitivity
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Figure 3.8: Laminar burning velocity of DIB as a function of equivalence ratio at 428 K and 1
atm. Present work compared with Zheng. et al. and flame speed simulation from Metcalfe et al.
metcalfe2007development and Hu. et al.

reaction and orders are different in all cases.

Si =

ki dSu
Su dki
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(3.4)

3.3.5 LBV of prenols

Figure 3.10 shows flame propagation images from a high-speed camera through a viewing window
on the side of the combustion chamber. Example images are shown in figure 3.10 for equivalences
ratios of 1.0 and 1.3. Within this figure, the left image, center image, and right image represent
flame propagation times at 1.0 ms, 3.0 ms, and 5.5 ms, respectively. Regardless of the fuel or
equivalence ratio, there is no significant difference between each of the tests during the initial stage
of combustion at 1.0 ms. For an equivalence ratio of 1.0, the flames keep their spherical shape as
a laminar flame, which can be observed through the experimental setup window. However, for
rich mixtures, wrinkled structures are observed before the flame leaves the viewing window. For
stoichiometric and lean mixtures, the wrinkled structures that develop are due to the interaction
with the spark plug. The initial wrinkled flame does not affect LBV measurements.
Figure 3.11 presents LBVs of prenol and isoprenol at 1 atm and 428 K for several equivalence
ratios along with uncertainty bars. The dashed and solid lines represent curve fits for prenol and
isoprenol, respectively. These fits indicate only small deviations in the measured LBV between the
two fuels. The maximum LBV of prenol and isoprenol are identical (0.72m/s) and occurred at the
stoichiometric ratio. The figure also shows comparisons with the LBV of ethanol under the same
initial conditions. The maximum LBV of ethanol is at an equivalence ratio of 1.10, and the value
is faster than those of prenol and isoprenol. However, the LBVs in the lean region of each fuel are
similar.

3.4 Summary/Conclusions

Laminar burning velocities (LBV) of selected biofuels by Co-Optima were experimentally measured using the constant volume method at the initial temperature of 428 K and the initial pressure
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of 1 atm. Figure 3.12 shows LBV of the selected biofuels. Measured LBV of ethanol was in good
agreement with the past results in the literature. LBV of 2-methylfuran and cyclopentanone were
similar to ethanol, while methyl acetate showed the lowest LBV. This work is the first report of
experimentally measured LBVs of methyl acetate, 2-methylfuran, and prenols to the best of our
knowledge. The maximum velocity of each fuel was found at an equivalence ratio of 1.1 except
prenols because of prenols condensation in the experimental system. In the future, the effects of
fuel blends on LBV should be further investigated, as well as the effects of different initial temperature and pressure.
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(a)

(b)

(c)

(d)

Figure 3.9: Flame speed sensitivity analysis in different equivalence ratios at 1 atm and 428 K.
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Figure 3.10: Flame propagation of prenol and isoprenol at equivalence ratios of 1.0 and 1.3
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Figure 3.11: Laminar burning velocities of prenol and isoprenol as a function of equivalence ratio
at 428K and 1 atm of initial conditions. The dashed and solid lines represent curve fits for prenol
and isoprenol, respectively. LBV of ethanol from under the same initial conditions is also shown.
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Figure 3.12: Laminar burning velocities of selected biofuels by Co-Optima.
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CHAPTER 4: HIGH-PRESSURE LBV MEASUREMENT

4.1 Introduction

Fossil fuels are used in the transportation industry due to historical use and economic factors.
However, anthropomorphic emissions from fossil fuel use indicate the need for alternative fuels [1].
Biofuels have gained attention as a means to circumvent said issues as an alternative for fossil
fuels in various transportation sectors. There are two primary advantages of the downselected CoOptima biofuels: first, drop-in biofuels do not require an engine or infrastructure redesign; second,
biofuels may be considered carbon neutral or carbon negative fuel sources as carbon dioxide (CO2)
is absorbed during feedstock cultivation. Thus biofuels are a research focus of the U.S. DoE’s, CoOptima effort, and numerous other entities [9]. With its widespread means of feedstock cultivation
and processing, ethanol is one of the selected fuels in the Co-Optima program for advanced sparkignition (SI) engines [89, 90].
Ethanol is an attractive renewable fuel for improving internal combustion (IC) engine performance
as its high H to C ratio reduces anthropomorphic emissions, as an octane booster by either Research Octane Number (RON, 109) and Motor Octane Number (MON, 90) [91–93]. Due to these
advantages, the key details of the performance of ethanol need to be identified. One such parameter
is the laminar burning velocity (LBV). The LBV is one of the important properties in SI combustion, which can be used to validate chemical kinetic mechanisms, design of engines, and estimate
turbulent flame speeds. LBV measurements are available at initial pressures below, 5 atm with the
majority at atmospheric conditions [35, 44–46, 94, 95].
At pressures above 5 atm experimental LBV measurements are scarce, Beeckmann et al. [44]
studied ethanol LBV at 10 bar and 373 K. Due to the onset of cellular flame structure in early stage
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of combustion, they were able to use a smaller number of useful images to calculate LBV in the
fuel-rich region. Bradley et al. [95] conducted ethanol LBV at 14 atm and at 358 K. They also
calculated LBV, critical Karlovitz factor, and critical Pe numbers that reflect the onset of flame
instability. Both previous researches employed the constant-pressure method to calculate LBV. To
the best of our knowledge, there is no experimental data of LBV at initial conditions of 10 atm and
above 400 K.
In this study, ethanol LBV was measured at various equivalence ratios (0.7 ≤ φ ≤ 1.5) at two initial
pressures of 2 atm and 10 atm. Two initial temperatures of 373 K and 428 K were considered at
each pressure with the constant-volume method of LBV determination. When using synthetic air
as an oxidizer, flame instability was identified via a cellular structure of the flame front. This
phenomenon alters the flame shape and affects reported LBV values. Thus, to measure and report
reliable LBV at 10 atm, two different types of diluents within the synthetic air were considered, i)
100 % of N2 and ii) 50 % of N2 and 50 % of He, in the 10 atm experiments.

4.2 Experimental details

4.2.1 Oxidant/fuel mixtures

Synthetic air oxidant was created with oxygen and diluent (N2 and He) and was prepared in a
mixing tank using high purity (≥ 99.999 %) O2 (Praxair), N2 (Air Liquide), and He (NexAir).
MKS 628F manometer was used to make the blend of oxidants via barometric mixing. Diffusive
mixing of the oxidizer, to ensure homogeneity, was allowed to occur following injection to the
mixing tank for a minimum of two hours prior to conducting experiments. Ethanol (≥ 99.5 %
pure) was sourced from Thermo Fisher Scientific.
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4.2.2 Experimental procedure

The mixing tank and combustion chamber were vacuumed to P ≤ 0.15 Torr before creating oxidant
and mixture. Two oxidant mixtures were used in this study. For the 2 atm experiments, the oxidant
is made of 21.0

mol %

of O2 and 79.0

mol %

of N2 . To obtain LBV at 10 atm, another mixture

was used, which consists of 21.0 mol % of O2 , 39.5 mol % of N2 , and 39.5 mol % of He. The second
mixture enabled stable flame fronts at 10 atm via an increased Lewis number (Le). Table 4.1 shows
the oxidants and test conditions used in this investigation. The present study keeps the oxygen ratio
in oxidant as 21.0 % by mole.
Table 4.1: Experimental conditions

Case 1

Case 2

Case 3

Case 4

Oxidant
21.0 mol % O2 , 79.0 mol % N2
Pinitial [atm]
2
Tinitial [K]
428
Oxidant
21.0 mol % O2 , 79.0 mol % N2
Pinitial [atm]
10
Tinitial [K]
428
Oxidant
21.0 mol % O2 , 79.0 mol % N2
Pinitial [atm]
10
Tinitial [K]
373
Oxidant
21.0 mol % O2 , 39.5 mol % N2 , 39.5 mol % He
Pinitial [atm]
10
Tinitial [K]
428
φ
0.7 - 1.5

To circumvent ethanol condensation, the combustion chamber and manifold were held at 428 K;
enabling subsequent barometric measurements of fuel vapors for calculation of φ . Figure 4.1 shows
the calibration curve of the ethanol vapor pressure as a function of injected mass; the linearity indicates the absence of any condensation. Following ethanol injection, the oxidant was introduced
to the combustion chamber from the mixing tank until the desired pressure was recorded. Mixing
of the ethanol and the oxidant was ensured via the injection jet of the oxidizer into the combustion
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Figure 4.1: Pressure of vaporized ethanol as a function of weight of injected ethanol indicating the
linear relationship.

chamber with an additional five-minute dwell period to ensure a homogeneous and stagnant mixture before ignition. A 300 kHz sampling rate on the DAQ was used to record the Kistler dynamic
pressure transducer through the charge amplifier. For the test, the range of the φ ’s was from 0.7
to 1.5. Within manometer accuracy (± 0.02 % of reading), the uncertainty of pressure measurement on the equivalence ratio was ± 0.028 % (implying that the uncertainty in equivalence ratio is
negligible). With the high-speed camera, flame structure and stability were verified.
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4.3 LBV measurement

4.3.1 Stretch effect and flame Instability

For a spherical flame, stretch rate κ is the rate of change in surface area of the flame front defined by
equation (4.1), A f is the flame area, t is time, and r f is the flame radius. LBV should be calculated
in a large flame radius, which represents small stretch rates. From equation (4.1), κ is inversely
proportional to the r f . To obtain zero stretch LBV, extrapolation methods are commonly used in a
constant pressure method. For example, Wu. et al. [96] reviewed different extrapolation methods
and estimated uncertainties associated with each one. Accurate calculation of LBV requires careful
selection of used extrapolation methods due to its effect on Markstein length. Several studies have
shown conditions at which the stretch effects are relevant. There is a significant effect on LBV
when the κ ≥ 100 s−1 [35, 36, 95]. Stretch effects may be neglected if the instantaneous pressure
is more than 20 % of initial pressure [21], or κ ≤ 80 s−1 [97]. Given these identified criteria from
the literature, we calculated LBV within the stretch free region, where pressure measurement was
higher than 20 % of the initial pressure.

κ=

2 dr f
1 dA f
=
A f dt
r f dt

(4.1)

During the 10 atm experiments, the flame did not maintain a smooth texture. LBVs at 10 atm
were calculated only in the stretch free region, denoted by “” in Figure 4.2. Within the rich
mixtures, the onset of cellular structure obfuscated LBV measurements. The triggering points
of flame instability, cellular flame structure, and stretch free regions according to [35, 36, 95] are
denoted by the vertical lines. The cellular structure occurred shortly after ignition, hence LBV
cannot be calculated using synthetic air at those conditions. “” was used to represent cellular
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Figure 4.2: Unburned temperature vs. laminar burning velocity at 10 atm initial pressure. The
regions for cellular structure and stretch free are shown.

flame structure region.

4.3.2 Uncertainties and error analysis

The combined standard uncertainty in measured LBVs can be calculated by equation (4.2) [80],

s
uc (Su ) =

N



∑

n=1

df
dxi

2
u2 (xi )

where uc (Su ) is the combined standard uncertainty of LBV,
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df
dxi

(4.2)

is called the sensitivity coefficient,

df
and xi may be:(P, T, φ , Model). In this study, the sensitivity of coefficient ( dx
) is considered as
i

a unity; such an assumption is valid within the conditions of the stretch free region. Accuracy
of a dynamic pressure transducer (Kistler 603B1) and charge amplifier (Kistler 5010B1) are ±
1.00 % and ± 0.50 %, respectively. The random error in filling to the target pressure is less
than 0.55 %. There are two K-type thermocouples, which have ± 0.75 % accuracy in measuring
the exterior combustion chamber. The discrepancy from the target temperature is less than ±
0.5 %. To estimate φ , MKS 628F Baratron is used, which has ± 0.02 % of the instantaneous
reading. For the accuracy of the model, both the number of layers and the fitting range of calculated
LBV are considered. The standard of the number of layers is 100 layers. The discrepancies in
the number of layers are calculated by considering ± 30 layers and extracting differences. The
maximum discrepancies of the number of layers factor are less than ± 0.60 %. The fitting range
is an unburned temperature range, which is the x-axis of LBV calculation. The fitting range was
considered 4 K wide and 4 K narrow (the maximum difference is less than ± 1.00 %). In summary,
the combined standard uncertainty of the present ethanol LBV was 2.07 %, according to equation
(4.2).

4.4 Results and discussion

4.4.1 Flame propagation

Figure 4.3 shows flame propagation at various initial conditions captured via high-speed camera
(Case numbers in figure 4.3 are specified in Table 4.1). Presented are images for Cases 1- 4 at
both rich and lean fuel mixtures. Within figure 4.3, the leftmost images are fixed at 3 ms after the
spark, except φ = 1.3 of Case 1, which is the highest measured LBV out of present work. The right
images show the same flame radius, which is before the flame front is beyond the visibility limits
of the combustion chamber. A wrinkled flame (or cellular flame) occurs during the early stage at
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10 atm experiments with synthetic air at φ = 1.3 (Cases 2 and 3). The wrinkled flame is occurred
by flame instability in all cases of the lean mixture, the flame structure keeps its shape, but at φ
=1.3 for Cases 2 and 3, flame instability clearly present by 5ms rendered LBV inapplicable. As
can be seen, flame propagation is dependent upon reaction pressure and mixture conditions. In
2 atm experiments at 428 K, Case 1, the smoothest flame structure may be seen. From the 10
atm experiments, Case 4 using a He mixed oxidant, both a smooth flame surface with spherical
uniformity may be observed when the flame front is visible in the viewing window.

4.4.2 LBV measurement with synthetic air

Figure 4.4 shows measured ethanol LBV as a function of φ at initial conditions of 2 atm and 428
K. The present work is also compared with simulations and published LBV values at 1 atm and
428 K. As can be seen, the current data is in good agreement with predictions. The general shape
and trend of the 1 atm measurements are reflected in those taken at 2 atm, where the maximum
LBV is 0.65 m/s at φ of 1.1. However, as expected LBVs at 2 atm are slower than those at 1 atm
because of barometric effects.
Figure 4.5 displays experimental and simulation results at initial temperatures of 428 K and 373 K
for 10 atm initial pressure. In figure 4.5, data was divided into two sections and denoted as either
“N” or “4”. The N’s denote LBV in the stretch free region before the onset of cellular structures.
While the 4 was calculated in the stretch free region, the flame developed cellular structure. After
the development of cellular structure, the value of LBV will be compromised due to the expansion
of the flame surface and enhanced diffusive mixing of reactants into the flame. The equation (4.3)
is LBV correlation as a function of pressure and equivalence ratio at 428 K. The correlation was
fitted by a second-order polynomial.
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Figure 4.3: Flame propagation at different initial conditions in ethanol
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Figure 4.4: Experiments and simulations of ethanol laminar burning velocity at 2 atm and 428 K.
Comparison with ethanol laminar burning velocity at 1 atm 428 K is also shown.At this scale in the
plot, error bars for this work fall within the geometric bounds for the symbols representing each
data point.


Su = −1.84 + 4.89φ − 2.25φ 2 × Pi −0.37
0.7 ≤ φ ≤ 1.5(1, 2atm)

(4.3)

0.7 ≤ φ ≤ 0.9(10atm)
Even still, the cellular flame speed is in reasonable agreement with simulation results, further parameterization of flame instability is needed to mark the degree of flame instability. At higher φ the
formation of a cellular flame structure is unavoidable with synthetic air containing N2 and O2 ; such
hydrodynamic instabilities are caused by the density ratio between burned and unburned mixture
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Figure 4.5: Experimental and simulation results at 428 K and 373 K for 10 atm initial pressure.
At 10 atm and 373 K, experiments are compared with Beeckmann et al. data. Closed symbols
represent laminar burning velocity, and opened symbols indicate cellular flame velocity. Lines
represent simulation results.

and flame thickness [1, 98, 99]. The higher the initial temperature, the flame speed increases. Results were also compared with literature measurements by Beeckmann et al. [44] at 373 K. There
is reasonable agreement with literature measurements at this condition with literature data.

4.4.3 Flame instability

A cellular flame tends to form in high-pressure experiments, which in turn forbids accurate determination of LBV’s. Thus, studies that inhibit the development of cellular structure initiation and
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Figure 4.6: Density ratio of C2 H5 OH/O2 /Diluent mixture at initial pressure and temperature of 10
atm and 428 K respectively, using different diluents. As a note, the Ar and He diluent trace exhibit
nearly zero difference across the range evaluated.

propagation are needed to circumvent this issue. In a premixed flame, Darrieus-Landau (which is
well known as hydrodynamics instability) and diffusional-thermal instabilities are the most important factors that influence flame propagation [11]. The density ratio (ρu/ρb) of C2 H5 OH/O2 /Diluent
mixture using several diluents are shown in Figure 4.6. One notices that the CO2 diluted mixture
provides the smallest density discrepancy. While He and Ar diluted mixtures deliver the same
density jump. The flame thickness δ f is also a significant parameter that affects hydrodynamic
instability. Flame thickness is defined by equation (4.4)
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δf =

Tad − Tu

dT

(4.4)

dx max

, where Tad , Tu and

dT
dx max



are the adiabatic temperature, unburned temperature, and the max-

imum temperature gradient, respectively [100]. To calculate flame thickness, a Cantera package [31] and Mittal et al. mechanism [38] was used. Flame stretch delays the onset of instability
by curving the surface area of an outwardly propagating flame. Since the effect of stretch increases
with δ f , one expects that flame stability also increases. Figure 4.7 shows flame thickness along
with a variety of equivalence ratios at different pressure. Flame thickness is more sensitive in
the rich region. As pressure increases, the flame thickness decreases, which means that the flame
of a high-pressure experiment exhibits instabilities with minimal disturbances. Also, the effect
of diluent on flame thickness is depicted in Figure 4.8. One notices that the flame thickness of
CO2 diluted mixture is the thickest among diluents. While the argon diluted mixture provides the
thinnest flame. Hydrodynamic instability can be delayed with a carbon dioxide diluted mixture.
Even though the He and N2 mixed diluent provided a slightly thicker flame compared to the He
diluted mixture, a noticeable reduction of density jump is shown in Figure 4.6.
Lewis number (Le) is defined as the ratio or thermal diffusion to the mass diffusion of the flame
[97, 101]. This number describes the possibility of developing small cells due to high unburned
gas diffusion. Diffusional-thermal instability occurs when Le ≤ 1 [102]; thus, to restrain the
occurrence of cellular flames, a mixture with high thermal diffusivity must be used to provide Le >
1. Several studies [103–108] have shown He’s effects on LBV. He dilution increases Lewis number
to restrain flame instability at high pressure. Figure 4.9 shows the global Le for different diluents.
CO2 diluted mixture has the lowest Le overall equivalence ratio. To restrain the occurrence of
diffusional-thermal instability, He was applied in this study. One observes that He must be used
for rich fuel/air mixtures to provide the diffusional thermal stable flame. Forming NOx during
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Figure 4.7: Flame thickness of C2 H5 OH/Air mixture at different pressure and variety equivalence
ratio at 428 K with ethanol and synthetic air

combustion is an important factor in understanding combustion in the air. To include effect of
forming NOx, 100% of He diluted was not applied. Instead of 100mol % of He diluent, 50mol % of
He and 50mol % of N2 mixed diluted was applied in this study.
Figure 4.10 shows the variation of flame thickness during the combustion process; unburned gas
temperature and pressure were calculated using the isentropic compression relationship. One notices that the flame thickness decreases during combustion because of increased adiabatic flame
temperature and pressure. Flame thickness is more sensitive to pressure [49], which is depicted in
Figure 4.10, where it changes moderately at the initial stage of the combustion process. In contrast,
a dramatic reduction is seen toward the end of combustion. The author believes that the aforemen-
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(a)

(b)

Figure 4.8: The flame thickness of C2 H5 OH/O2 / Diluent mixture at initial pressure and temperature of 10
atm and 428 K respectively, using several diluents. (b) is enlarged of (a)
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Figure 4.9: The global Lewis number (Le) at 10 atm and 428 K with different diluents.

tioned reduction of flame thickness is the destabilization factor that alters the flame surface area.
Although 1.27 of the equivalence ratio of case 2 has the thickest flame, it was not stable to get
LBV. The case number was addressed in the experimental section. Figure 4.11 provides Pe during
the combustion process. Pe is defined by equation (4.5), which is the ratio of convective to thermo
diffusive effect. r f and δ f are the flame radius and flame thickness, respectively. During the
combustion, the flame radius increases, and the flame thickness decreases, so Pe is increasing.

Pe =
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rf
δf

(4.5)

Figure 4.10: The flame thickness of C2 H5 OH/O2 /Diluent mixtures along the combustion process
at the initial pressure and temperature of 10 atm and 428 K, respectively, using two diluents.

Shown in Figure 4.12 is a critical Péclet number (Pec ) in a variety of equivalence ratios at 428 K
and 10 atm. The case number is described in Table 4.1. The critical Pe describes the transition stage
from stable to unstable flame due to hydrodynamic and diffusional-thermal instabilities. Jomaas
et al. [102] provided the critical Pe equation, equation (4.6), which indicates that such instabilities
may be numerically calculated based on hydrodynamic effects, the first term, and thermal-diffusion
effects in the second term. When Le is nearly unity, the second term is negligible and hydrodynamic instability predominantly affects flame instability. The r f c is the critical radius, which is the
flame radius of the onset of flame instability. Ze is the Zel’dovich number, and σ is a density ratio
of burned and unburned gas where σ is less than one as the burned gases are less dense than those
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Figure 4.11: Pe of C2 H5 OH/O2 /Diluent mixtures along the combustion process at initial pressure
and temperature of 10 atm and 428 K, respectively, using two diluents

of the unburned.

Pec =

rf c
= Pe1 (σ ) + Ze(Le − 1)Pe2 (σ )
δf

(4.6)

The author used the sudden appearance of small cells on the flame surface area as a criterion
for defining an unstable flame. In this study, flame propagation images were used to find the
time instead of finding a flame radius for the onset of flame instability. In the lean mixture, flame
instability occurred when the flame diameter was greater than the viewing window on the chamber.
The calculated radius and radius from Schlieren image difference were less than 5%. Figure 4.13
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Figure 4.12: The Pec for the onset of instability

shows the calculated flame radius from thermodynamic properties and measure flame radius from
flame propagation images. After that, the critical radius and flame thickness are determined and
simulated, respectively, using the thermodynamic properties of burned gases. More details for
flame radius calculation can be found in previous studies [103, 109]. Then the critical Pe was
evaluated for each case
Jomaas et al. [102] found that Pec of equidiffusive mixture is constant, however, Pec of nonequidiffusive mixture has a linearly increasing or decreasing trend based on Le variation. This
finding has been attributed to the fact that equidiffusive mixture is dominated by hydrodynamic
instability while non-equidiffusive mixtures are affected by hydrodynamic and diffusional-thermal
instabilities. One observes that the Pec of case 2 is monotonical decreases along with the tested
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Figure 4.13: Compare with measured flame radius and calculated flame radius. A point and calculated flame radius of the sudden appearance of small cells on the is shown.

equivalence ratio range. Similar behavior has been reported in Jomaas et al. [102] study for
propane fuel.
As shown in Figure 4.9 Le of mixture diluted with N2 is near unity from the equivalence ratio of 1.1
of equivalence ratio. Even though Le of Case 2 is the near the unit, flame instability was affected
by thermal-diffusional instability because the Le is less than the unit. Le of the He and N2 diluted
mixture, Case 4, is at between Le of N2 and Le of He. Because of Le of near unit and larger than
unit, Case 4 can be neglected thermal-diffusional instability. As shown in Figure 10, Case 4 shows
the near-constant value, and the hydrodynamic instability is more important in Case 4. However,
both hydrodynamic and thermal-diffusional effect is important for the instability of case 2. The
uncertainty of the Pec consists of 5% of the flame radius and 10% of the moment of occurring flame
instability. Uncertainty of the moment of flame instability defined the range of flame propagation
images, which are 20 frames. The 20 frames make the maximum 10% difference in the flame
radius. With equation (4.2), the uncertainty of Pec was 11%
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Figure 4.14: Laminar burning velocity at 10 atm and 428 K with modified diluent as 50 mol % of
N2 and 50 mol % of He.

4.4.4 LBV measurement with He mixed diluent

To get LBV at higher equivalence ratios, He was used as a diluent while oxygen ratio in oxidant
was maintained to keep the heat release energy from combustion. Figure 4.14 shows, measured
LBV with 21.0

mol

% O2, 39.5

mol

% N2 , 39.5

mol

% He. With He as a diluent, the range of

measured LBVs is extended up to φ = 1.2, however, above this condition, cellular flame speed was
measured. Current data showed excellent agreement with simulation results as well.
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4.4.5 Sensitivity analysis

For deepen the understanding of high-pressure combustion of ethanol, a sensitivity analysis was
conducted with Mittal et al. mechanism. To calculate the normalized sensitivity (si ) coefficient
equation 4.7 was used [31]. ki is the reaction rate constants of each reaction. The top 15 highest sensitivity coefficients at 10 atm and the equivalence ratio of 1.1, which is the fastest LBV,
are shown in Figure 4.15. The top 15 highest reactions are shown in table 4.2. Similar results
were observed at different pressure with different oxidants. R1 is the dominant chain branching
reaction. R2 and R3 are the main chain termination reactions. Enhancement of chain branching
reaction and weakening of chain termination increases the concentration of reactive radical species
and increase LBV. In other words, LBV can be decreased by enhancement of chain termination
reaction and weakening of chain branching reaction. Although H + O2 ⇔ O + OH is the highest
positive sensitive reaction at 10 atm, the LBVs at 10 atm are slower than low pressure LBVs. The
phenomena can be explained with the other reactions. Except for the H + O2 ⇔ O + OH reaction, chain reactions, and terminal reactions decrease the concentration of reactive radicals, which
makes decrease LBV.

si =

ki dSu
Su dki

(4.7)

4.5 Summary/Conclusions

LBV of ethanol was measured using a constant-volume method at an initial pressure of 2 atm and
10 atm, and initial temperature of 373 K and 428 K. The maximum LBV of each case was found at
an equivalence ratio, φ = 1.1. Measured LBVs were compared with simulations and showed good
agreement under laminar conditions. The LBV at 2 atm is slower than those at 1 atm. However, at
63

(a)

(b)

Figure 4.15: Sensitivity analysis at the different diluent condition at 1.1 of equivalence ratio
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Table 4.2: The top 15 highest reactions at 10 atm and φ = 1.1

R1

H + O2

⇔

O + OH

R2

CO + OH ⇔

R3

H + HO2

⇔

2OH

R4

CH3 + HO2

⇔

CH3 O + OH

R5

HCO + M ⇔

CO + H + M

R6

CH3 + OH ⇔

CH2 OH + H

R7

H2 + O ⇔

R8

H2 + OH ⇔

R9

CH3 + H (+M) ⇔

CO2 + H

H + OH
H + H2 O
CH4 (+M)

R10

H + OH + M ⇔

H2 O + M

R11

H + O2 (+M) ⇔

HO2 (+M)

R12

HO2 + OH ⇔

H2 O + O2

⇔

R13

H2 + O2

R14

CH3 CHO + H ⇔

R15

C2 H3 + H ⇔

H + HO2
CH3 CO + H2
C2 H2 + H2

10 atm with synthetic air, the flame did not maintain its smooth flame shape for calculating LBV
at higher equivalence ratios because of flame instability. To keep the smooth flame shape, 50 %
of diluent was substituted with He for N2 . With He mixed diluent mixture, hydrodynamic instability was reduced by decreasing density jump, and diffusional-thermal instability was reduced by
increasing Le. In the rich region of Case 4, Le was founded a near unit by the Pec . With sensitivity
analysis, reasons for slow LBV of 10 atm were found, in that chain reactions and terminal reactions affect slow LBV. In this work, we have extended the range of measured LBVs for ethanol, an
important SI engine fuel, to higher pressures than existed in the literature. Efforts are underway to
further extend measurements to higher pressures and high equivalence ratios using He as a diluent.
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CHAPTER 5: LAMINAR BURNING VELOCITY OF BIODIESEL

5.1 Introduction

In recent years, there has been tremendous pressure on the transportation industry to curb CO
and CO2 output on a per unit travel basis while also reducing the need to utilize conventional oil
sources. Biomass source has been attractive because of the shortage of fossil fuels, growing greenhouse gases, and their increasing costs. The U.S Department of Energy started Co-Opitmazation
of FUels Engines to develop biofuel for alternative gasoline and biodiesel for a heavy-duty vehicle. For the screening for biodiesel of Mixing-Controlled Compression Ignition (MCCI) engine
properties such as flashpoint, boiling point, heating value, cetane number, freeze point, and yield
sooting index (YSI) were considered [110]. 2-nonanol, n-ucdecane and n-butylcyclohexane were
selected by Co-Optima for tier 2 fuels. Figure 5.1 [111–113] shows the structure of each fuel.
The red, white, and gray are represented atom of oxygen (O), hydrogen (H), and carbon (C), respectively. For diesel, ignition delay time and autoignition are important parameters for designing
an engine, but laminar burning velocity (LBV) is also an important parameter for understanding
chemical kinetics and engine design.
In this study, LBV measurements of 2-nonanol, n-undecane, n-butylcylcohexane were carried out
in mixtures of synthetic air at an initial temperature of 453K and initial pressure of 1 atm. LBV
of ethanol was also measured using the same process to enable valid cross-comparisons with the
results of several experimental studies and numerical simulations
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(a)

(b)

(c)

Figure 5.1: Chemical structure of fuels: (a) 2-nonanol, (b) n-butylcyclohexane, (c) n-undecane

5.2 Experimental details

To make synthetic air, the mixing tank was vacuumed to P ≤ 0.15 Torr. A high purity (≥ 99.999
%) O2 (Praxair), N2 (Air Liquide) were used to create synthetic air. Two different synthetic air
were used in this study. For the ethanol experiments, the oxidant is made of 21 mol % of O2 and 79
mol %

of N2 . For biodiesel experiments, the oxidant is made of 20 mol % of O2 and 80 mol % of N2 .

A more detailed procedure is briefly described in chapter 1. Table 5.1 shows details of biodiesel
and ethanol properties.
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Table 5.1: Physical and chemical properties of fuels
Ethanol
Forumla
C2 H5 OH
ρ, [g/mL]
0.79
Mw, [g/mol]
46.07
Tboil , [K]
351
Pvapor , [mmHg]
44
Flash point, [K]
286
30% blended
cetane number

2-nonanol
C9 H20 O
0.82
144.25
466
0.108
355

n-butylcyclohexane
C10 H20
0.80
140.27
454
1.31
314

n-undecane
C11 H24
0.74
156.31
468
0.564
333

41

50
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5.2.1 Experimental procedure

Before conducting experiments, the manifold, mixing tank, and combustion chamber were held
under vacuum by 0.15 Torr. After reaching 0.15 Torr, synthetic air can be created. To avoid
condensation, the mixing tank and combustion chamber were heated at the target temperature,
453 K. Following the injection of fuel, synthetic air was introduced to the combustion chamber.
With this process, mixing occurred by the jet, which forms inside the combustion chamber when
the air is introduced. The equivalence ratio (φ ) for each test was calculated according to the
partial pressures of fuel and synthetic air. Fuel-synthetic air mixtures were kept for five minutes
to ensure quiescent and homogeneous mixture before the ignition process. To ensure validity of
testing conditions, three experiments were carried out for each target (φ ). The dynamic pressure
transducer and charge amplifier were used to record the combustion pressure at a rate of 300 kHz.
Table 5.2 shows the test conditions. The initial pressure was held at 1 atm for the tests, and the
range of equivalence ratios was from 0.8 to 1.5. The limits of the equivalence ratio were dependent
on ignition spark energy. Following each experiment, a data processing step is utilized to compute
the observed laminar flame speed, which requires the use of both pressure measurement data and
images captured with the high-speed camera. To obtain accurate data, a data screening process is
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required to exclude cases of usage with condensed fuel.
Table 5.2: Experimental conditions

Ethanol

Biodiesel

Oxidant
21 mol % O2 , 79 mol % N2
Pinitial [atm]
1
Tinitial [K]
453
Oxidant
20 mol % O2 , 80 mol % N2
Pinitial [atm]
1
Tinitial [K]
453
φ
0.7 - 1.5

To evaluate condensation of fuel, two methods were performed. The first method was that the
quantification of introduced fuel was characterized by the vapor pressure recorded. Injected mass
fuel was also measured by quantifying the difference mass between syringe mass before and after
injection. If the linear relationship between vapored pressure and injected mass is observed, there
will not be condensation in the system. Figure 5.2 shows a linear relationship between the pressure
of vaporized and the mass of injected fuel. There are limitations to the first method. The first
limitation of the first method is that it is only available to the lower boiling point fuels than facility
temperature limitation. Because of a temperature limitation on the barometer (MKS E27 Baratron),
manifold temperature could not increase higher than the fuel boiling point. A temperature lower
than the boiling point would make condensation easily. Another limitation is that the first method is
not able to measure fuel condensation in the system with synthetic air. The low vapor pressure fuel
is needed to measure condensation with synthetic air. It is a general statement that the boiling point
of a liquid decreases as the atmospheric pressure decreases. Therefore, in the vacuum environment,
condensation can be avoided, but to evaluate condensation, check fuel condensation with oxidant
is needed.
The second method for checking condensation fuel is using a laser absorbance measuring technique. A 3.39 µm laser (REO-32172) was used to measure fuel absorbance. Because C-H stretch69

Figure 5.2: Pressure of vaporized fuel as a function of the mass of injected fuel

ing bands from aliphatic compounds occur in the range of 3.33µ m 3.51µm [32], the 3.39 µm
laser was selected to measure biodiesel absorbance. Beer-Lamber law is used to measure absorbance with the laser. The Beer-Lamber law is shown in equation (5.1)



I
αλ = − ln
IO


= σ (λ , T, P)

Ptot
XL
RT

(5.1)

α, I, IO , σ , R, X, and L are absorbance, the transmitted intensity of the laser, reference intensity of
the laser, absorption cross section, gas constant, concentration, and laser path length, respectively.
In figure 5.3 shows absorbance is plotted against the injected fuel mass. The absorbance was
measured as pure vaporized fuel and a mixture of fuel and synthetic air. Because of the limitation of
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Beer-Lambert law, which is not valid in high concentration, the absorbance of n-butylcyclohexane
might look as condensation occurring after 0.35 g of injected mass. However, in the measurement
with a mixture of synthetic air, there is no condensation in the system. Figure 5.3 shows the linear
relationship between absorbance and all injected mass fuel with fuel and synthetic air mixture. This
method has the advantage of the possibility of evaluating condensation with fuel and synthetic air.
Laser absorbance is more accurate than reading vapored pressure. There are limitations, which are
a specific wavelength laser can detect specific chemical compound and the high concentration of
fuel measurements are not accurate due to f Beer-Lambert law limitation.
The manifold temperature is lower than the chamber temperature because of the temperature limitation of the barometer. To minimize condensation in the manifold, it is necessary to minimize
introducing the fuel to the manifold. To achieve this goal, a buffer gas method was used for measuring fuel vaporized pressure. In the buffer gas method, the partial pressure of fuel is calculated
by injecting a buffer gas into a chamber when the manifold is filled with buffer gas. The buffer
gas filled was greater than expected partial fuel pressure in the manifold after injecting fuel in
the combustion chamber. The buffer gas and partial fuel pressure will be in equilibrium when the
buffer gas was introduced into the combustion chamber. The partial fuel pressure can be calculated
with equilibrium pressure and injected buffer gas pressure. The created synthetic air was used as
a buffer gas. To validate the calculation, CH4 was used as fuel, and N2 was used as a buffer gas.
The difference between calculated fuel partial pressure and measured fuel partial pressure is 0.05
%. The results are shown in Table 5.3.
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(a)

(b)

Figure 5.3: Absorption of fuels (a) is pure fuel absorbance and (b) absorbance fuel and synthetic air mixture
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Table 5.3: Validation buffer gas method
Measured fuel
(CH4 ) pressure
8.58
10.37
8.50
9.54
11.55
12.41

Measured buffer
(N2 ) pressure
39.00
22.24
31.52
52.06
88.23
92.80
Average

Calculated fuel
partial pressure
8.590
10.367
8.503
9.544
11.552
12.401

difference (%)
0.11
0.03
0.03
0.05
0.02
0.07
0.05

5.2.2 Uncertainties and error analysis

Equation (5.2) [80] was used to calculate the combined standard uncertainty in measured LBV.

s
uc (Su ) =

N



∑

n=1

df
dxi

2
u2 (xi )

(5.2)

df
) is considered as a
xi is the function of P, T, φ , Model. Also, the sensitivity of coefficient ( dx
i

unity because the same unit (%) was used to calculate uncertainty. The accuracy of the dynamic
pressure transducer (Kistler 603B1) and charge amplifier (Kistler 5010B1) are both ± 0.50 %. The
random error in filling to target pressure is less than 0.55 %. There are two K-type thermocouples,
which have ± 0.75 % accuracy to measure the exterior combustion chamber. The discrepancy
from the target temperature is less than ± 0.5 %. To estimate φ , MKS 628F Baratron is used,
which has ± 0.02 % of the instantaneous reading. For the accuracy of the model, both the number
of layers and the fitting range of calculation LBV are considered. The standard in the number of
layers is 100 layers. The discrepancies of the number of layers are calculated by considering ± 30
layers and extracting differences. The maximum discrepancy of the number of layers factor is less
than ± 0.60 %. The fitting range is an unburned temperature range, which is the x-axis of LBV
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calculation. The fitting range was considered 4 K wide and 4 K narrow (the maximum difference
is less than ± 1.00 %). In summary, the combined standard uncertainty of the present LBV was
2.07 %.

5.2.3 Model

LBV was measured with the constant volume method approach with the multizone model. While
a detailed explanation is presented in the previous chapter, a brief explanation is provided in this
work. Equilibrium calculation of thermodynamic properties was performed for each burned zone
at each time step utilizing the measured time data of pressure. After obtaining the properties of
burned gases, the mass fraction can be calculated. Thermal properties for 20 products (N2 , H2 O,
CO2 , CO, H2 , H, OH, HCO, O, O2 , CH2 O, HOCHO, CH4 , CH3 , HO2 , H2 O2 , CH3 OH, OCHO,
O2 CHO, HO2 CHO) was applied to calculate thermo properties. The thermal properties data were
obtained from Mehl et al. [114] with Cantera software [31].
Equation (5.3) presents the flame radius, which was derived by O’Donovan et al. [81]. To derive
equation (5.3) several assumptions are needed; (i) the flame is smooth, thin, spherical shape, (ii)
all gases may be considered ideal, and (iii) buoyancy is negligible during the combustion process.
The theoretical expression of LBV equation (5.4) was defined by Hill et al. [82] and Takizawa
et al. [83] using the constant volume method with flame radius (R f ), vessel radius (Ro ), burned
mass fraction rate ( dX
dt ), initial pressure (Pi ) , and instantaneous pressure P during a combustion
event. Since several studies have shown that the stretch effect is negligible in the constant volume
method, it is not considered in this study [84, 85].

R f = RO

  1 ! 13
Pi γ
1 − (1 − X)
P
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(5.3)

R3O
Su = 2
3R f

 1
Pi γ dX
P
dt

(5.4)

5.3 Results and discussion

Figure 5.4 shows the flame propagation of ethanol and biodiesel. A high-speed camera was used
to capture the flame propagation images. The figure presents flame under the maximum LBV
condition, which is φ of 1.1. The flame propagation was captured at a similar time period, which
is 1.0 ms, 3.0 ms, and 5.0ms. Although ethanol flame speed faster than biodiesel, there is no
much difference during the early stage of combustion. Similar spark ignition energy was used for
each experiment. The spark energy is dominated by flame propagation development in the early
combustion stage. With the flame propagation, ethanol is the highest LBV, and LBVs of biodiesel
are similar at φ = 1.1. From the flame propagation images, a smooth spherical flame shape and no
buoyancy effect can be observed.

5.3.1 LBV of ethanol

Because of ethanol is very well known, ethanol was used to verify post-processing data of experiments. Figure 5.5 shows measured ethanol LBV as a function of φ at initial conditions of 1 atm
and 453 K. The present work is compared with simulations. Marinov. et al. mechanism [115]
with Cantera [31] was used to predict ethanol LBV. The present work is in good agreement with
predictions util φ = 1.3. The maximum LBV is 0.76 m/s at φ of 1.1. After φ = 1.3, the predicted
LBV was underestimated. Also, two different methods of measuring partial fuel pressure, with
buffer gas and without buffer gas method, were compared. There is no difference between LBV
measurement with buffer gas and without the buffer gas method.
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Figure 5.4: Flame propagation of ethanol and biodiesel at φ = 1.1
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Figure 5.5: Experiments and simulations of ethanol laminar burning velocity at 1 atm and 453 K.
Ethanol LBV with two different methods of measuring partial fuel pressure were performed.

5.3.2 LBV of biodiesel

Figure 5.6 show LBVs of 2-nonanol, n-undecane, and n-butylcyclohexane. LBV experiments of
seleted biodiesel were performed with the buffer gas method. Synthetic air was used as a buffer
gas. The LBVs of three biodiesel were compared with n-heptane LBV simulation. To calculate the
LBV of n-heptane, Marinov et al. [116] mechanism was applied in Cantera. The maximum and
minimum LBV values of fuels within the tested ranges are located at φ = 1.1 and 1.5, respectively.
Three biodiesel fuels have similar LBV values but lower than ethanol LBV. The simulated LBV
data of n-heptane shows faster than three biodiesel fuel LBV. The behavior of the result of three
biodiesel LBV needs to be further investigated.
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Figure 5.6: LBV of 2-nonanol, n-undecane, and n-butylcyclohexane at 1 atm and 453 K

5.4 Summary/Conclusions

Laminar burning velocities (LBV) of three selected biodiesel from the Co-Optima, 2-nonanol, nundecane, n-butylcylohexane, were experimentally measured using the constant volume method
at an initial temperature of 453 K and initial pressure of 1 atm. To evaluate the condensation of
fuel, laser absorbance was used. Buffer gas was used in measuring the partial pressure of biodiesel
fuel for minimizing condensation in the experimental system. Ethanol was used to validate postprocessing. The measured LBV of ethanol was in good agreement with the simulation. The maximum velocity of each fuel was found at an equivalence ratio of 1.1. There is no difference between
LBV with the buffer gas method and without the buffer gas method. Three different biodiesel fuels
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have similar LBV values along with the equivalence ratio. In the future, the effects of fuel blends
on LBV should be further investigated, as well as the effects of different initial temperatures and
pressure. Also, to validate the LBV result, a developing mechanism is needed for three biodiesel.

79

CHAPTER 6: CONCLUSION

This doctoral study’s main objective was to measure laminar burning velocity (LBV) of selected
biofuel and biodiesels in support of the DOE Co-Optima efforts. To obtain LBV, the constant
volume method was used with the multizone model. The burned mass fraction was calculated
using the multizone model.
These calculations accounted for multizone burned mass fraction. The obtained burned mass fraction was used to calculate the flame radius and LBV. The LBVs were calculated in the stretch free
region. Also, the Schlieren imaging technique was used to capture the flame propagation in each
experiment. This technique was used to ensure flame behavior, which means keeping the smooth
shape, buoyancy effect, occurring flame instability. This experimental setup was used to conduct
the LBV measurement experiments of the shortlisted biofuels and biodiesels.
Seven biofuels were selected to study LBV measurement by Co-Optima: ethanol, cyclopentanone,
diisobutylene, 2-methylfuran, methly acetate, prenol, and isoprenol. LBV experiments were conducted at the initial temperature of 428 K and the initial pressure of 1 atm. Ethanol was used
as standard reference fuel to validate post-processing and compare the LBV of the other fuels.
Measure ethanol LBV was in good agreement with simulation and previous findings [35]. The
maximum LBV was at around φ = 1.1 except LBV of prenols. The maximum LBV of Prenol
and isoprenol are at around φ = 1.0. LBV of Ethanol, 2-methylfuran, and cyclopentanone were
similar, and methly acetate LBV was the lowest. The LBV measurement of diisobutylene was
compared with simulation data obtained using three different mechanisms, and the LBVs were in
good agreement simulation on one side of the equivalence ratio, which means lean or rich side.
To improve the diisobutylene mechanism, detailed sub mechanisms for C3 H4 , allene, and propyne
were needed.
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For high pressure LBV measurement, Ethanol was used. LBVs were measured at an initial pressure of 2 atm and 10 atm, and initial temperatures of 373 K and 428 K. The maximum LBV of each
case was found at a 1.1 of equivalence ratio. Measured LBVs were compared with simulations and
showed good agreement under laminar conditions. The LBV at 2 atm was measured in the stretch
free region. The LBV at 2 atm is slower than those at 1 atm because of the unburned gas density.
However, at 10 atm with synthetic air, the flame did not maintain its smooth flame shape for calculating LBV at fuel rich region because of flame instability. Flame instability mainly consists of
hydrodynamic instability and diffusional-thermal instability. To reduce hydrodynamic instability,
density jump between the density of unburned gas (flame front), and the density of burned gases
(behind flame) need to reduce, and flame thickness needs to increase. The best way to reduce
density jump was by using CO2 as a diluent, but CO2 enhances diffusional-thermal instability. The
diffusional-thermal instability is related to Lewis number (Le). Diffusion-thermal instability can
be reduced by using a mixture with Le greater than one. To keep the smooth flame shape, 50 %
of diluent was substituted with He for N2. With the He mixed diluent mixture, hydrodynamic
instability was increased by increasing density jump, and diffusional-thermal instability was reduced by increasing Le. With sensitivity analysis, reasons for slow LBV at 10 atm were found,
in that chain reactions and terminal reactions affect slow LBV. In this work, the author measured
an extended range of measured LBVs for ethanol, which is important as SI engine fuel, at higher
pressures and higher temperatures than existed in the literature. Efforts are underway to further
extend measurements to higher pressures and high equivalence ratios using He as a diluent.
For biodiesel LBV experiments, the buffer gas method was applied to record partial pressure of
fuel, and a new laser setup was employed to examine the condensation of fuel in the system. Buffer
gas method was needed to precisely evaluate equivalence ratio because of low vapor pressure and
high boiling point of biodiesels. Measuring LBVs of ethanol were used to validate the buffer gas
method. There are no differences in LBV values between those obtained with and without buffer
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gas. The 3.39 µm laser was employed to measure the absorbance of biodiesels. Laser setup aids to
examine the fuel absorbance with oxidant. LBV of three selected biodiesel from the Co-Optima, 2nonanol, n-undecane, n-butylcylohexane, was experimentally measured using the constant volume
method at an initial temperature of 453 K and initial pressure of 1 atm. Ethanol was used to validate
post-processing data at the same initial condition. The measured LBV of ethanol was in good
agreement with the simulation. The maximum velocity of each fuel was founded at an equivalence
ratio of Three different biodiesel fuels have similar LBV values along with the equivalence ratio.
In the future, the effects of fuel blends at different initial pressure and temperature on LBV should
be further investigated. Also, to validate the LBV result, a developing mechanism was needed for
three biodiesel.
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APPENDIX A: NEWTON-RAPHSON METHOD
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The Newton-Raphson method is widely used to solve nonlinear problems. The Newton-Raphson
method was applied to approach equation (2.15) and (2.16) .

!
n−1
n−1
V
= xνb + 1 − ∑ xi − x νu − ∑ xi νi
M
i=1
i=1

(A.1)

!
n−1
n−1
E
= xeb + 1 − ∑ xi − x eu − ∑ xi ei
M
i=1
i=1

(A.2)

These equations include three unknowns where x, νb , and eb represent a mass fraction, a specific
volume of burnt gas, and specific energy of burnt gas, respectively. Since νb and eb are a function
of temperature, actual unknowns are two, x and Tb . Let define F1 and F2 as:

!
n−1
n−1
V
F1 = − xνb − 1 − ∑ xi − x νu + ∑ xi νi
M
i=1
i=1

(A.3)

!
n−1
n−1
V
F2 = − xeb − 1 − ∑ xi − x eu + ∑ xi ei
E
i=1
i=1

(A.4)

F1 and F2 can be solved by using the Jacobian matrix. To make Jacobian components, F1 and F2
need to differentiate with x and Tb .

A11 =

∂ F1
= −νb + νu
∂x

(A.5)

∂ F1
Rb
= −xb
∂ Tb
P

(A.6)

A12 =
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A21 =

∂ F2
= −eb + eu
∂x

(A.7)

A22 =

∂ F2
= −xbC pb
∂ Tb

(A.8)

, where Rb , C pb , Axx are gas constant of burned gas, constant pressure specific heat constant, and
component for of Jacobian matrix, respectively.



  
A11 A12   dx   −F1 


  = 
−F2
A21 A22 dTb

(A.9)

With iteration calculation of the Jacobian matrix A.9, x and Tb is updated until the difference value.
The convergence criterion is 0.00001 between older value and updated value.
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